Strain-free gallium nitride (GaN) overgrowth on GaN nano-rods is realized by RF-plasma assisted molecular beam epitaxy (RF-MBE) on silicon (Si) substrate. The strain-free condition was identified by the strong free A exciton (FX A ) photoluminescence (PL) peak at 3.478 eV and the E 2 high phonon Raman shift of 567 cm À1 . It is clearly demonstrated that the critical diameter of GaN nano-rods is around 80 nm for the overgrowth of strain-free GaN. The blue-shift of PL peak energy and phonon Raman energy with decreasing the diameter of nano-rod result from the strain relaxation of overgrowth GaN. #
Introduction
Group-III-nitride semiconductors such as aluminum nitride (AlN), gallium nitride (GaN), indium nitride (InN) and their ternary alloys has applications in high-electron mobility transistor devices (HEMTs) 1) and light emitting devices (LEDs) operating in the UV-visible range.
2) Most devices are prepared by metal organic chemical vapor deposition (MOCVD) using sapphire or SiC as substrates. Recently, GaN grown on Si substrate has attracted considerable academic and commercial attention because of its lower cost, larger sizes, higher crystalline quality and great potential for mature device processing and device integration with Si circuitry. However, growing device-quality GaN epilayers on Si substrates are challenging because of the large differences in the lattice constant (20%) and thermal expansion coefficient (56%) between GaN and Si, which lead to high dislocation density (10 8 -10 10 cm À2 ) and strain induced piezo-polarization field and further degrade the electrical and optical properties of the devices. Furthermore when thickness of nitride layers exceeds 1.0 mm, a lot of cracks were observed in the film. A number of approaches to grow GaN layers with reduced density of crack and threading dislocation (TD) have been reported. The overgrowth GaN on the patterned SiO 2 mask drastically reduced the TD density. 3, 4) The structural characteristics of the GaN epitaxial films grown on the patterned sapphire 5) and Si substrate 6) were also found to be improved effectively. Recently, the TD of GaN overgrowth layer on the patterned GaN nano-column [7] [8] [9] can be further reduced down to 10 7 cm À2 . However, the high-cost and time-consuming etching process to produce the patterned substrates or nano-column is the major drawback. To overcome the problem, GaN epitaxial films could be overgrown on the GaN nano-rods which are self-organized on Si substrate at a reduced Ga surface diffusion under nitrogen rich condition.
10) The GaN nano-rods have nice crystal quality and are perpendicular to the Si substrates.
11) The GaN nano-rods of typically 20 -200 nm in diameter and 0.2 -2.0 mm in height with a density of ð0:2 {1:8Þ Â 10 10 cm À2 could be grown by modulation the growth parameters such as III/V ratio, substrate's temperature and thickness of buffer layer. 12, 13) Kusakabe et al. 14) grew the freestanding GaN film of high crystal quality and nearly no residual strain on (0001) sapphire substrates using self-organized GaN nano-rods buffer by RF-plasma assisted molecular beam epitaxy (RF-MBE). Chern et al. 15) show that the nano-rods remain free of TDs until coalescence.
In this work, GaN nano-rods of different diameters were grown by RF-MBE as buffer layers. GaN films were grown on top of the GaN nano-rods to reduce TD and relax the strain. The diameters of the GaN nano-rods were controlled by adjusting the III/V flux ratio to searching for best condition for GaN epitaxial overgrowth. The strain free GaN layer overgrowth on self-organized GaN nano-rods/Si(111) substrates by RF-MBE was verified by low temperature photoluminescence (PL) and Raman scattering analysis. It is clearly demonstrated that the critical diameter of GaN nanorods for overgrowth strain-free GaN was determined as around 80 nm.
Experimental Procedure
The GaN nano-rods of different diameters and the overgrowth GaN layers were grown sequentially on the Si(111) substrates by ULVAC RF-MBE system with liquid nitrogen cryo-panel cooling. The 2-in. Si(111) wafers (p-type doping) were chemically cleaned by 10% HF without rinsing in deionized (DI) water to suppress oxide formation. A clear Si(7Â7) surface reconstruction was observed by the reflection high-energy electron diffraction (RHEED) at a substrate temperature of 830 C. The GaN nano-rods were then directly grown on Si(111) substrates at 850 C without any buffer layer under different III/V ratios to control the diameters of GaN nano-rods. During the growth, the RFplasma power and nitrogen flow rate were kept constant at 500 W and 4.0 sccm, respectively. The variation of III/V flux ratio was adjusted by the Ga flux. The Ga flux was varied from 9:0 Â 10 À8 , 1:9 Â 10 À7 to 3:7 Â 10 À7 Torr for samples A, B, and C, respectively. The respective rod diameters of 60, 80, and 90 nm were investigated by JEOL JSM-7001F scanning electron microscopy (SEM). Followed the growth of GaN nano-rods, the Ga flux was increased to 9:7 Â 10 À7 Torr to enhance the lateral growth rate for the growth of the overgrowth GaN layers. The detailed growth process was described elsewhere.
16) The optical property was examined by PL measurement. The 325 nm He-Cd laser was used as an excitation light source. The PL signal was analyzed by a 0.85 m SPEX-1403 double-grating spectrometer equipped with a photomultiplier tube. The residual strain in overgrowth GaN layers was evaluated by microRaman scattering at room temperature in backscattering geometry along the z-direction (parallel to the c-axis of GaN). The 488 nm line of an Ar þ -ion laser was used as the excitation source and focused through a microscope (Olympus BX41) objective into a spot of around 1 mm in diameter. The spectra were obtained using a 0.85 m SPEX-1404 double-grating (1800 grooves/mm grating) spectrometer equipped with a multichannel LN 2 -cooled chargecoupled device (CCD) of 1024 Â 256 pixels. The pixel size of 26 Â 26 mm 2 yields spectral resolution better than 1.25 cm À1 . The lattice constant of GaN was determined by high-resolution X-ray diffraction (HRXRD) on a Bede D1 system using the Cu K 1 line.
Results and Discussion
Figures 1 and 2 show the cross-sectional and top-view SEM images of overgrowth GaN with different nano-rod diameters. The diameters of samples A, B, and C are (a) 60, (b) 80, and (c) 90 nm, respectively. The N-rich nano-rod layers and the Ga-rich overgrowth layers can be clearly identified from the cross-section SEM images of Fig. 1 . As the Ga flux was increased, the lateral overgrowth was enhanced. For sample A, the overgrowth GaN forms irregular terraces and without fully coalescence as shown in Fig. 2(a) . By increasing the diameters of nano-rods, the gaps between the nano-rods decrease. The GaN terraces merge together to show better surface morphology in Figs. 2(b) and 2(c). The cross-sectional SEM image of sample B shows that the film is not continuous in lateral direction, and from boundaries gaps. From the top-view SEM image, one can see the spacing gradually shrunk as the diameter of nano-rods was increased and the area of the terrace was also increased, as show in Fig. 2(b) . The further increasing diameter of nano-rods results in continuous morphology in cross-section of sample C as shown in Fig. 1(c) . In Fig. 2(c) , the top-view SEM image shows that the overgrowth layer in sample C is not completely continuous, with pronounced trenches and some pits. Figure 3 show the low-temperature (10 K) normalized PL spectra of three samples. Because the much lower PL probing depth at 325 nm excitation, 17, 18) the signals is primarily from the overgrowth layer. All three spectra are dominated by the strong narrow near-band-edge (NBE) excitonic emission near 3.47 eV and a weak broad emission from 3.32 to 3.42 eV. No deep-level emission or yellow-band transition at 2.3 eV was detected. The two main peaks of the weak emission band are assigned to the excitons bound to surface defect (Y 2 ) and the shallow donor-acceptor pair (DAP) located on surface (Y 6 ).
19) The broad emission is relatively weak in sample C, which has smooth surface morphology. It implies the smooth surface reduces the surface defects.
In order to further identify the emission mechanism, the temperature-dependent PL experiments at temperature range from 10 to 120 K are presented in Fig. 4 . In Fig. 4 , the weak shoulder at 3.485 eV is attributed to the free B exciton transition (FX B ). The strongest peak at 3.478 eV is identified as the free A exciton transition (FX A ). The peak at 3.472 eV results from the recombination of A exciton bound to neutral donor (D 0 X A ). The energy red-shift with temperature of FX A follows the Vashini's equation. For D 0 X A peak, the intensity decrease abruptly due to the thermal excitation to higher energy FX A state. The thermal quenching of the donor-bound exciton (D 0 X A ) peak occurs at 80 -100 K. 20) For sample A and B, the energy position of FX A at 3.478 eV implies that the overgrowth GaN is strain-free. 21) The FX A stronger than D 0 X A also show that the overgrowth GaN is high quality with low density of defects, which was only observed in high-quality single-crystal nano-rod. 22) On the other hand, the PL spectrum of sample C was dominated by the D 0 X A transition at 3.466 eV, shown in Fig. 4(c) . Compare with the energy position of D 0 X A of samples A and B, the energy of D 0 X A for sample C red-shifts 6 meV. This indicates that the overgrowth GaN of sample C has tensile strain. By using the value of the proportionality factor K ¼ 21:2 meV/GPa 23) for the strain-induced PL peak shift, a residual stress of 0.28 GPa built in the overgrowth layer can be estimated.
The tensile strain in these specimens was also investigated by the micro-Raman spectroscopy by measuring the frequency position of the E 2 -high phonon mode. The normalized E 2 -high mode of these specimens measured at room temperature is shown in Fig. 5 . The peak of Raman shift in samples A, B, and C are 567.0, 567.0, and 565.7 cm À1 , respectively. The energy positions of E 2 -high peak for samples A and B are at 567:0 AE 0:1 cm À1 , which is believed to be the E 2 -phonon from strain-free GaN. 24) The energy difference in the Raman shift between sample C and sample A (and sample B) is 1.3 cm À1 . The residual stress could be calculated based on the stress coefficient of 4.24 cm À1 GPa À1 . 24) The estimated residual stress in the overgrowth GaN layer of sample C is 0.30 GPa, which is quite consistent with the result of PL spectral shift. The redshift of PL peak energy and Raman shift value in sample C is due to the residual biaxial compressive stress in the cplane of GaN and induced tensile uniaxial strain along the c-axis. This residual stress can be further checked by measuring the X-ray 2-scan of (0002) 25) The in-plane biaxial stress in sample C can be calculated by using M ¼ 449 GPa, C 13 ¼ 103 GPa, and C 33 ¼ 405 GPa, 26) respectively. The estimated biaxial compressive stress in the c-plane of sample C is 0.24 GPa, which is quite consistent with the results of PL and Raman measurements.
From the results of Figs. 4-6, one can conclude that residual strain will exist in the GaN overgrowth on GaN nano-rods of diameter larger than 90 nm. We propose that the initially nucleation behavior of large size GaN nano-rods is consistent with the strained GaN quantum dots (QDs). 27) This is due to the relatively higher Ga/N ratio of large size GaN nano-rods. This indicates that only suitable diameter of GaN nano-rod can be used as a buffer layer for overgrowth strain-free GaN layer.
Conclusions
In conclusion, we have demonstrated the growth of high quality coalescence overgrowth GaN nano-rods on Si(111) substrate with RF-MBE. By using the temperature-dependent PL experiments and micro-Raman spectroscopy, the critical diameter of GaN nano-rods for strain-free GaN overgrowth is around 80 -90 nm. The residual stress which exists in GaN overgrown on GaN nano-rods with 90 nm of diameter is about 0.3 GPa. 
